Silica coated magnetite (Fe 3 O 4 @SiO 2 ) core-shell nanoparticles (NPs) with controlled silica shell thicknesses were prepared by a modified St€ ober method using 20 nm hydrophilic Fe 3 O 4 NPs as seeds. The core-shell NPs were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), high-resolution TEM (HRTEM), selected area electron diffraction (SAED), and UV-Vis adsorption spectra (UV-Vis). The results imply that NPs consist of a crystalline magnetite core and an amorphous silica shell. The silica shell thickness can be controlled from 12.5 nm to 45 nm by varying the experimental parameters. The reaction time, the ratio of TEOS/Fe 3 O 4 , and the concentration of hydrophilic Fe 3 O 4 seeds were found to be very influential in the control of silica shell thickness. These well-dispersed core-shell Fe 3 O 4 @SiO 2 NPs show superparamagnetic properties at room temperature.
Introduction
The fabrication of transition metals and their oxide nanomaterials is of great importance in the development of modern nanotechnology due to their numerous applications.
1 Among all the currently studied nanomaterials, magnetite (Fe 3 O 4 ) is one of the most popular ones, and Fe 3 O 4 nanoparticles have been found highly applicable in ferrofluids, 2 high-density information storage, 3 magnetic resonance imaging (MRI), 4 the role of catalyst or support of catalysts, 5 tissue-specific releasing of therapeutic agents, 6 labeling and sorting of cells, 7 as well as separation of biochemical products. 8 In recent years, Fe 3 O 4 NPs have raised much interest in the fields of biomedicine and biosensing.
9 Such applications typically require Fe 3 O 4 NPs to be water-soluble, chemically stable in vivo, highly dispersible in various pH liquid media and magnetically resonant efficient with regard to magnetic resonance. Although strategies for synthesizing Fe 3 O 4 NPs have been fully developed, none of them, unfortunately, is capable of producing Fe 3 O 4 NPs that meet all the requirements above right after synthesis. In particular, a high local concentration of metal cations resulting from the dissolution of surface Fe cations is toxic to organisms and the aggregation of Fe 3 O 4 NPs resulting from incompatible surface chemistry in liquid media weakens the specific targeting. Therefore, it is necessary to add a coating to Fe 3 O 4 NPs that is expected to offer an inert surface layer with compatible surface chemistry to help magnetic NPs survive in vivo and work well in specific targeting. 10 Many kinds of materials have been discovered in recent years for use as the coating, including noble metals, 11 metal oxides 12 and inorganic silica. 13 Among these coating materials, silica is very promising since the dense silica shell may prevent Fe 3 O 4 cores from chemical contact with corrosive liquid media and, most importantly, the surface chemistry of a silica shell is compatible with various chemicals and molecules for bio-conjugations.
14 By taking these two advantages of silica, it has been proved experimentally that the silica surface works well with various coupling agents to covalently attach to specific ligands and to deliver ligands to target organs via antibody-antigen recognition.
15
Currently, the major approaches for coating silica onto Fe 3 O 4 NPs include the microemulsion method 16 and the alkaline hydrolysis of tetraethyl orthosilicate (known as the St€ ober method). 17 The microemulsion method employs micelles to confine and control the coating. It produces the core-shell NPs with a surfactant layer on the silica surface, which somewhat blocks the advantage of easy bio-conjugations of silica surface. In contrast, the alkaline hydrolysis of tetraethyl orthosilicate (TEOS) is promising for producing core-shell Fe 3 O 4 @SiO 2 NPs with no surfactant, but is still stable and easily dispersed. The core-shell Fe 3 O 4 @SiO 2 NPs with a pure silica surface are definitely ideal model NPs for the discovery of bio-applications.
In this paper, we report on a modified St€ ober method to synthesize water-soluble core-shell Fe 3 
17,19
In a typical synthesis of 60 nm core-shell Fe 3 O 4 @SiO 2 NPs (with a silica shell thickness of 20 nm), 45 mg as-prepared 20 nm hydrophilic Fe 3 O 4 NPs were dispersed in 16 mL of water by using an ultrasonic water bath, then mixing with 2 mL of aqueous ammonia solution (25 wt%) and 80 mL of ethanol. Next, 0.8 mL of TEOS was added dropwise into the Fe 3 O 4 nanoparticle solution under violent stirring at room temperature. The stirring continued at room temperature for 24 h. The products were separated by an external magnet and washed with water several times. The final product was collected and dried at 50 C. The thickness of the silica shell was controlled in the range of 12.5 nm to 45 nm (equivalent to NPs of 45 nm and 110 nm, respectively) by varying the hydrolysis conditions.
Characterizations
The structure of hydrophilic NPs was characterized by using a Mac Science M18AHF X-ray diffractometer with Cu Ka radiation (1.5418
A) generated at 40 kV and 30 mA. In order to investigate the composition and morphology of the product, transmission electron microscopy (TEM) images and selected area electron diffraction (SAED) pattern of the NPs were obtained by a JEOL 200CX microscope operated at an accelerating voltage of 120 kV. The nanoparticle powder samples were dispersed in anhydrous ethanol by an ultrasonic water bath and then dropped onto a copper grid for TEM observation. UV-Vis absorption spectra were also measured by a Varian Cary 5000 UV-Vis-NIR spectrophotometer. Magnetic properties of powder samples were characterized with a Quantum Design PPMS 6000 by measuring the applied-field dependence of magnetization between À14 and 14 kOe at 300 K.
Results and discussion (Fig. 2e) . The lattice spacing, measured based on the diffraction rings (Fig. 2e) , is in accordance with the standard lattice spacing of Fe 3 O 4 from the PDF database.
9b, 21a The diffraction of crystalline SiO 2 was not observed in the SAED pattern, which is probably because the silica shell is amorphous, as observed in XRD. In addition, Fig. 2f is a TEM image of 60 nm SiO 2 hollow spheres, which were easily obtained by removing the Fe 3 O 4 cores with acid treatment, for example by using 3 M of hydrochloric acid overnight.
In order to observe the detailed structure of core-shell Fe 3 O 4 @SiO 2 NPs, HRTEM was used. Fig. 3 shows HRTEM images of 60 nm silica coated Fe 3 O 4 NPs. Fig. 3a and b were made by focusing on the silica shell and the magnetite core, respectively. The images clearly show the single-crystallinity of the Fe 3 O 4 core and the amorphous nature of the silica shell. The interplanar distance measured from the adjacent lattice fringes in Fig. 3b is about 0.49 nm, corresponding to [111] planes of the Fe 3 O 4 single crystal with cubic inverse spinel structure. The results are consistent with the inferences from the XRD patterns in Fig. 1 and the SAED patterns in Fig. 2 .
The UV-Vis absorption spectra of different samples in water are illustrated in Fig. 4 . No obvious peaks appear in the spectra of 20 nm Fe 3 O 4 seeds and 200 nm SiO 2 spheres, but a broad featureless peak can be seen at a wavelength of about 380 nm in the spectrum of core-shell Fe 3 O 4 @SiO 2 NPs. We also measured the UV-Vis spectrum of the SiO 2 hollow spheres, which also showed no significant peaks. The broad peak indicated the coreshell structure of the NPs, and may come from the changes of band gap caused by the quantum size effect and surface effect of nanostructures, 22 and the Fe-O-Si bonds of the core-shell NPs.
23
The magnetic properties of core-shell Fe 3 O 4 @SiO 2 NPs with different silica shell thicknesses were measured using a physical property measurement system (PPMS) at room temperature. The core-shell Fe 3 O 4 @SiO 2 NPs in dispersion responded quickly under an external magnetic field. Fig. 6 shows photographs of the core-shell Fe 3 O 4 @SiO 2 nanoparticle dispersion and the response of these core-shell NPs under an external magnetic force. The 60 nm core-shell Fe 3 O 4 @SiO 2 NPs were dispersed in ethanol with a concentration of 0.5 mg mL À1 by sonicating for several minutes. The photograph of the dispersion in Fig. 6a shows a light brown nanoparticle solution. As an external magnetic field was applied, the core-shell NPs were attracted by the magnet, leaving the ethanol solution clear and transparent (shown in Fig. 6b ). Removing the external magnetic field and sonicating the solution redispersed the core-shell NPs into the solution, and the dispersion could be stable for more than 20 min. The attraction and redispersion processes can be readily altered by applying and removing an external magnetic field, showing great potential for bio-separation.
For years, a means has been sought to prepare various kinds of silica materials by the St€ ober method. The formation of silica was concluded as the hydrolysis and condensation of alkoxysilanes in a mixture of ethanol, water, and ammonia.
24 The chemical reaction can be briefly summarized as follows:
In order to coat silica onto Fe 3 O 4 NPs rather than forming silica spheres, it is necessary to vary the experimental parameters to optimize the synthesis. The selectivity depends strongly on the Ostwald ripening process, and the key is to tune the competition between the nucleation (hydrolysis) and growth (condensation) of silica. The silica tends to coat onto the Fe 3 O 4 NPs as the condensation rate is much higher than the hydrolysis rate. It was previously found that lower temperature, lower pH value, lower TEOS concentration, and less H 2 O are predominant in facilitating the condensation process.
24b, 25 In this coating experiment we found that a better performance of coating can be achieved using the mixture of 16 mL H 2 O, 80 mL ethanol, and 2 mL 25% ammonia solution.
The silica shell thickness of core-shell Fe 3 O 4 @SiO 2 NPs was controlled in the range of 12.5 nm to 45 nm by varying the experimental parameters. Under the constant dosage of H 2 O, ethanol, and ammonia, it was found that three experimental parameters influence silica shell thickness: (1) the reaction time; (2) the ratio of TEOS to Fe 3 O 4 NPs; and (3) the concentration of Fe 3 O 4 NPs. Fig. 7 shows the size-time variation curve of the formation process of 75 nm core-shell Fe 3 O 4 @SiO 2 NPs. The relation between the particle size and reaction time is consistent with the results reported before. 24, 26 The curve indicates that the reaction was almost saturated after 12 h.
It was also found that the ratio of TEOS Fig. 7 Size-time variation curve of the formation process of 75 nm Fe 3 O 4 @SiO 2 core-shell NPs, indicating that the reaction was almost saturated after 12 h.
